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Abstract—This paper investigates the character of the average
power density in the close proximity of base-station antennas,
where human exposure to electromagnetic fields radiated from
such radio-frequency (RF) sources is the highest. The concept of
average power density is used since, in proximity of a large array
antenna, the direction of the power flow at a given point is not
readily predictable because of the substantially diverging path
lengths and direction of propagation of the energy arriving from
different array elements. This quantity is shown to have a marked
cylindrical decay near the antennas, which converts to spherical
in the far field. On this basis, a set of simple prediction formulas
is derived to allow the estimation of the average power density
with good precision. The latest IEEE C95.1-1999 Standard for
RF safety calls for spatially averaged measurements of incident
power density to verify compliance to maximum permissible
exposure limits. The advantage of using the concept of average
power density and the resulting prediction formulas is that the
evaluation of the exposure of humans near cellular base-station
antennas becomes extremely simple during surveys when large
computerized scanning equipment may not be available.

Index Terms—Base-station antenna, collinear array, human ex-
posure, RF dosimetry.

I. INTRODUCTION

W ITH the proliferation of cellular base-station sites,
there has been concern for the potential exposure of

personnel who might come in close proximity of radiating
antennas. There are safety standards for the exposure of humans
in the “controlled” or working place environment [1]. The
exposure is quantified both in terms of radio-frequency (RF)
power absorbed by the exposed human and of incident power
density. The power absorbed by the humans in a RF field can
be measured by using laboratory methods [2], [3], or it can
be estimated by using numerical methods, which have been
tabulated if the exposure is in the far field of RF sources [4].
The exposures of most concern are seldom in the far field of
antennas, because the distance from the radiators reduces the
incident RF energy flow to a level below safety limits, unless
we are dealing with extraordinarily powerful transmitters, e.g.,
radar.

Cellular base-station communication systems often have
high-gain antennas, e.g., collinear arrays 2–3 m long, and
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relatively low total power transmitted (1 kW). In these
conditions, if there is access to the antenna installation, as
for maintenance personnel, the highest RF exposure is in the
immediate vicinity of the array, which might be approachable.

Regarding the effects in the following discussion, we can as-
sume that the exposure of interest is in the near field of array
antennas, but at distances that are of the order of magnitude of a
radiating element size ( ) or greater. If this is the case, the
radiation impedances of the antenna elements are not radically
affected by the presence of a person, and the power radiated by
the antenna is not significantly different from free-space condi-
tion. In other words, the energy scattered and reflected by the
human changes the radiation pattern of the antenna, but not its
matching. For closer distances, tighter coupling with individual
radiators can cause a mismatch of the driving point impedance
of the antenna elements, change the antenna excitation profile,
and alter substantially the power radiated by the antenna. In our
analysis, we make the hypothesis that the presence of the human
does not change substantially the RF current on the individual
radiating elements of the array antenna.

Human exposure is quantified by the distribution of the time
derivative of absorbed electromagnetic energy per unit mass,
i.e.,specific absorption rate(SAR) [1], within the exposed body
caused by the incident fields. SAR measurements require so-
phisticated experimental or analytical methods to acquire results
[2], [3], [5], [6]. In survey situations, where - or -field sen-
sors are available, the only parameters that can be evaluated are
the local electric ( ) and/or magnetic ( ) field amplitude
square. At a large distance from RF antennas, the electric and
magnetic field amplitudes are related to each other in a simple
fashion through the free-space impedance and to the incident
RF power density, which in turn can be used to quantify the
peak and average SAR of the exposure [7]. In the case of cel-
lular base-station installations (as with many RF sources), the
highest intensity of and is found close to the antennas
in regions where free-space propagation cannot be assumed. In
these conditions, we cannot accept that the measurement of
and/or are simply related to incident power density. Safety
standards allow explicitly measurements for compliance
purpose [7], [8].

There are several available E-field survey meters [9] that are
routinely employed to assess the safety of RF exposure in prox-
imity of cellular base-station antennas, although the readings
are not always simply related to the incident RF power density.
We will examine the significance of measurements near a
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Fig. 1. A collinear array of half-wave dipoles enclosed in the intercepting
cylindrical surface where the power density is averaged. The relevant reference
frames are established.

base-station antenna (collinear array or other) in terms of their
relation to the average power density. The purpose of this paper
is to show that the average power density along the array height
is the most convenient observable quantity to assess the expo-
sure from cellular basestation antennas. This assessment method
is in agreement with the latest version of the IEEE C95.1-1999
for the safe exposure of humans to RF electromagnetic energy.
The recent ICNIRP guidelines [8] also call for averaging of the
electromagnetic fields over the body of the exposed person, al-
though the averaging method is not specified.

The format of this paper is as follows. In Section II, theoret-
ical considerations lead us to define the character of the electro-
magnetic field radiated by a collinear array. In Section III, we
discuss the significance of electric energy density measurements
near cellular basestation antennas and how they relate to safety
surveys. In Section IV, we establish some simple formulas that
allow the prediction of the actual exposure with remarkable ac-
curacy. These formulas are validated on measurements of prac-
tical array configurations.

II. THEORETICAL CONSIDERATIONS: COLLINEAR ARRAYS

A. Average Power Density

Consider the collinear array of half-wave dipoles in Fig. 1.
The array consists of radiating elements, each excited
by a time-harmonic current of amplitude; the elements are
spaced by the distance( at the highest operating frequency
of the antenna) along theaxis. The antenna has a length,

and each half-wave radiator is long ( at the center
frequency of operation). Given the rotational symmetry of the
structure, the power flow through a lateral cylindrical surface
at a distance from the axis of the array is found using the
Poynting theorem for time-harmonic electromagnetic fields

(1)

where
power radiated by the array;
unit vector in the radial direction;

component of the electric field;
( ) complex conjugate amplitude of the only

component of the magnetic field.
Since practically no power is radiated in the directions close to
the axis of the antenna, for distances (but still ),
(1) can be rewritten

(2)

If we average the result over a straight line belonging to the
cylindrical surface enclosing the array and we call the av-
erage power density there, then

(3)

Geometrically, (3) states that as long as the power radiated
through the top and the bottom of the cylindrical surface
enclosing the array can be neglected, the average power density
decays with the inverse of the distance from the antenna.
Equation (3) is significant because it can be used to check the
validity of survey results with a simple arithmetical operation,
if , , and are known. A similar trend was extrapolated in
[10] from on-site surveys; however, theaveragepower density
was not taken as the observable quantity, as the extrapolation
was based on measured data taken at single field points.
Equation (3), however, fails to give any information about the
vertical distribution of at any distance
, or when the propagating wave eventually becomes spherical.
The cylindrical character of the electromagnetic field in the

immediate vicinity of the array can be seen using the simple and
elegant solution for the field radiated from a half-wave dipole
established by Jordan and Balmain [11]. The total H-field is
given by the superposition of the contribution of each radiator

(4)

with and

(5a)

(5b)
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where, in a first approximation, we have set . In this
frame, we purposely neglect the mutual interaction between
array elements in order to approach the problem in simple
analytical terms. As it will be clear later, neglecting mutual
coupling does not compromise the generality of the results
that will be derived. The main effect of mutual coupling on
collinear half-wave dipoles fed in phase is to lower the radiation
resistance a few ohms [12]. As long as the feed-point currents
have similar magnitude, this effect can be estimated to raise the
feed-point current roughly 5–10%, depending on the number
of adjacent elements. The E-field can be expressed as

(6)

where is the angular frequency of operation andthe permit-
tivity of free space. Since we are interested in the distribution of

and of , which can be measured by a survey meter in a
line parallel to the array at the distancefrom the antenna axis,
we could use (4) and (6) to plot the distribution of at various
distances from the array. This approach does not give the direc-
tion of the power flow in the near field, where the main beam
and the sidelobes of the antenna are not formed yet. Consider
the equation

(7)

which is Parseval’s formula involving the Fourier Transforms
of and , whose expressions are provided in
Appendix A. Since is a constant, the analysis of the spectral
content of the integrand should give information about the distri-
bution of and its contribution to the radiated power in terms
of cylindrical waves propagating outward from the antenna axis.
From (4A) and (6A) of Appendix A, the Parseval’s integrand is

(8)

Clearly, for there is no contribution to the .
The spectrum in the visible region is mostly signifi-
cant around the saddle point , with the angle de-
fined in Fig. 1. Since we are interested only in the real part of
(8), it is clear that the largest contribution comes from
provided , so no grating lobe contribution must be con-
sidered. Moreover, being , contributions close to
the branch cut are negligible. It is interesting to note that an
“array factor” is present in (8) for all radial distances. Already
for and , the modified Bessel functions can be ex-
panded asymptotically using the formula
[13]. In addition, for the combination of sinusoidal func-
tions in (8) has the maximum value around . The main

contribution to the real part of the integral (7), coming from the
“main lobe” of (8), can be expressed as

(9)

where . The spectral content of (9) shows
that the power flow is relatively uniform over the array
because of the cylindrical symmetry of the contributing
waves. The integral at right-hand side of (9), corre-
sponding to the “main lobe” of the array factor, gives

, with ,
where the integral sine function is employed since

. In
conclusion, we have

(10)

having assumed that the power radiated by the antenna is ap-
proximately and that . Equation
(10) is analogous to (3), and it states that most of the real power
flow is contributed by a group of cylindrical waves departing the
axis in a narrow angular region near the antenna broadside. The
rest of the waves outside this conical region contribute essen-
tially to sidelobes or energy storage. It is of interest to evaluate
the decay of the power density (averaged over the array height)
near the antenna in the broadside direction for .

B. Average Power Density Falloff Versus Distance

The average power density decay versus distance is of interest
because it can be expected to be among the parameters of signif-
icance for the exposure of humans in the near field of array an-
tennas. In the cylindrical coordinate system, the average power
density over the height of the array can be defined as

(11)

In Fig. 2, this quantity is numerically computed by substituting
(4) and (6) in (11) for a nine-element array and used to deter-
mine the power intercepted by the cylindrical surface. Though
the behavior of is rather complicated in
proximity of the array, the power intercepted has a well-behaved
decay with that corresponds to a cylindrical propagation in the
near region, which eventually becomes spherical in the far field.
In the following, we want to show that this property applies in
general to this kind of radiators, as it will be used to determine
extremely simple formulas for the estimation of the exposure.

Using the Fourier transform of the magnetic field (4A), we
obtain

(12)
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Fig. 2. Normalized power intercepted by the cylindrical surface versus distance. The collinear array is formed by nine half-wave dipoles operating at 900 MHz,
separated byp = �. The profile of the local power density along a vertical line belonging to the intercepting cylindrical surface is shown at different distances
from the array.

where

(13)

is the partial Fourier transform of thecomponent of the electric
field, which by using (6) becomes

(14)

In (14), we can identify two integral terms, which differ only
for the sign of in (5). Performing the change of variable

, the first integral is here rewritten as

(15)

with

(16)

If , the hyperbolic functions can be approximated by
means of a McLaurin expansion; with the relevant analytical
details given in Appendix B, the partial FT becomes

(17)
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where the arguments of the Fresnel integrals , are

(18a)

(18b)

Equation (17) is very important, since it will allow us to deter-
mine the character of the average power density decay versus
distance. In fact, (17) clearly features a cylindrical term modu-
lated by a summation of Fresnel integrals. The character of the
combination of these integrals may be better understood after
expressing them in terms of the following auxiliary functions
[13]:

(19)

(20)

which exhibit a very smooth behavior, shown in Fig. 3, that
is well approximated by means of rational functions [13].
Moreover, the following relationships involving their deriva-
tives hold: , . These
auxiliary functions can be substituted in (17), yielding

(21)

It is interesting to note that the first term in (21), featuring a
cylindrical decay, is almost identical to the Fourier transform
(6A) employed in (9), the only difference being a factor pro-
portional to and higher powers of in the exponential term,
which has a negligible impact over the main lobe of the array
factor. This result further reinforces the notion that hardly any
energy escapes through the sidelobes for . The char-
acter of the second term in (21) can be established by looking at

Fig. 3. Behavior of the auxiliary functions used to express the Fresnel
integrals. As the distance from the array is increased, their arguments tend to
vanish.

the behavior of the auxiliary functions as their arguments
change with . At large radial distances, we can

limit our attention to spectral waves propagating in the broad-
side direction, whose spectrum is sampled at the saddle point

. In this case, , pro-
vided , and therefore the arguments of the aux-
iliary function tend to vanish, which allows us to approximate
these functions by means of a first-order McLaurin expansion

. Upon neglecting higher order
contributions ( ), it can be seen that the second term
in (21) splits in a new cylindrical contribution and a spherical
contribution. The former asymptotically eliminates the preexis-
tent cylindrical term in (21), so that the latter eventually dictates
the far-field character of the electric field

(22)

As we get closer to the antenna, the arguments of the auxiliary
functions increase, i.e., these functions are no longer sampled
around their maximum, instead they rather tend to vanish. Con-
sequently they no longer suppress the cylindrical term in (21).
What happens, indeed, is that the auxiliary functions are mod-
ulated in a somewhat complicated fashion by the exponential
factors in (21). It can be seen in Fig. 2 that there is a transition
region in the near field where the average power density exhibits
a slight oscillatory behavior, which can be associated with the
loss of energy through the various sidelobes that gradually es-
cape the intercepting cylinder of Fig. 1.

The previous results can be used to determine the character of
the average power density given in (12). Already at a short dis-
tance away from the array ( ), its expanded expression in
(23), given at the bottom of the next page, shows a factor
that, when combined with the initial decay of the par-
tial FT (21), establishes the cylindrical character of the average
power density in the vicinity of the collinear array. As we move
away from the antenna, the partial FT (22) becomes representa-
tive of the actual behavior of the electric field. When substituted
in (23), the phase term of the integrand takes the exponential
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Fig. 4. Computed decay versus distance of the power intercepted by the lateral cylindrical surface for a single half-wave dipole operating at 900 MHz and for
7-, 9-, and 11-elements collinear arrays (p = �). The increasing size and gain push the point where the propagating field assumes the spherical character farther
away from the array.

form: . The re-
maining portion of the integrand (which is an even function of

) is weighted by two “spectral windows”: the array factor and
the just-mentioned exponential term (whose main contribution
to the integral is its cosine ). The former establishes
the significant contribution to the integral in (23) in the region
closer to the array, while the latter away from it. We may define
a break point where the main lobe of the array factor equals the
main lobe of , the resulting condition being

(24)
When , then . The distance
happens to coincide with the point where the main lobe of the
array is completely inside the intercepting cylindrical surface.
In conclusion, for the significant “windowing function”
is , which is independent of, and
therefore the dependence of (23) is essentially cylindrical in
the near region. Beyond, the integral contribution is weighted
by the -dependent “cosine window” combined with the
far-field character of and the factor in (23).

The area under the main lobe of is clearly propor-
tional to

(25)

which finally gives the spherical character of the average power
density in the far field. In Fig. 4, the normalized power fall-off
is shown in the case of uniformly fed 7-, 9-, and 11-element
collinear arrays, as well as for a single half-wave dipole. The
increasing gain of the array as more elements are added moves
farther away the break point where the spherical character of
the propagating field is established. Up to that point, the share
of power escaping through the top and bottom surfaces of the
cylinder is substantially limited to that contained in the array
antenna sidelobes.

We can now discuss the meaning of near E-field measure-
ments close to a collinear array along the axis of the antenna.

(23)
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III. SIGNIFICANCE OF ELECTRIC ENERGY DENSITY

MEASUREMENTSNEAR BASE STATIONS

The survey measurements of the exposure of humans near
collinear arrays are often performed by scanning a E-field
sensing probe along a line parallel to the antenna axis at a
constant radial distance from the radiating structures. Usually,
these probes have a square-law response, giving a reading
proportional to if the probe sensor is isotropic. The
display of such metering devices is calibrated in mW/cm
(some more appropriately give the results in V/m ) and the
measurement is often taken as an evaluation of the power
density of the exposure, even though may have little or
no relation to the real power flow. Very close to the array, but
at least a wavelength away to avoid contributions from the
strong reactive fields surrounding the array elements, we have

. Therefore, the power flow density is

(26)

since for cylindrical waves radiated close to broadside
[this can be verified taking the ratio between the Fourier

transforms (6A) and (4A) as the significant contribution to the
spectral propagating waves comes from around ].

The different phase delays experienced by the electromag-
netic waves originating from each radiator produce a rather os-
cillating behavior of the vertical distribution of close to the
antenna, as shown in Fig. 2. However, the average the power
density over the height of the antenna, computed using (26) after
sampling , has a smooth decay. So it is possible to measure
real power density in an average sense if an E-field meter is
used at any distance from the array greater than . One in-
teresting outcome of the considerations made in Section II-A is
that the sidelobes contain less than 10% of the antenna radiated
power, although it may be very difficult to define the sidelobes
in the immediate vicinity of the array because of their shifting
directions. The first sidelobe, at some locations, may shift in and
out of the main lobe, depending on the array size and distance;
some sidelobes may coalesce. The only statement that can be
made about the measurement of in the immediate vicinity
of the array is that it tends to slightly overstate the local power
density taken as . The reason for the overestimation of
the power is that gives approximately (if the
wave impedance is about ) the magnitude of the Poynting
vector rather than the real part of the Poynting vector at a given
point.

At sufficient distance from the array, if the E-field probe still
gives any readings, a local power density measurement can
be performed by measuring only the electric field component
which is orthogonal to the direction of propagation. This
measurement is by no means trivial, given the sensitivity of
most probes to their orientation with respect to the incident E
field. The only measurement of significance is the one of the
average of over the length of the array because it is related
to the average power density as discussed in Section II-A.
It is difficult to perform such measurement with isotropic
field probes, because they respond to . A single axis or a

two-axes E-field sensor is more suitable for the measurement
of than the isotropic probes, which are normally used for
survey purpose.

Evidently, it would be a convenient result to have at our dis-
posal a simple way to predict the average power density at any
distance from the array with a precision comparable to the mea-
surement uncertainty. In the next section, some simple formulas
are derived based on the theory presented in Section II.

IV. FORMULAS FOR THE PREDICTION OF THE

AVERAGE EXPOSURE

A. Collinear Arrays

We will use the results of Section II as they allow us to de-
termine a simple prediction formula for the average power flow
through the intercepting cylindrical surface of height. Simple
geometrical considerations lead us to define a distance where the
character of the average power density changes from prevalently
cylindrical to prevalently spherical. The power intercepted by
the cylindrical surface at a distance, in the far field, is

(27)

where is the collinear array broadside gain, whereas in the
near region, where the field propagation is prevalently cylin-
drical, the intercepted power is . The condi-
tion can be valid only for .
From these considerations, the distance is naturally found as

. The actual behavior of the intercepted power versus
distance, computed as described in Section II, is well approxi-
mated by the following:

(28)

As shown in Fig. 5, this formula approximates within a few
tenths of a decibel the computed behavior. Equation (28) pro-
vides an accurate and extremely simple way to establish the ex-
posure levels in the immediate vicinity of base-station antennas.
In fact, it features a slight overestimate of the resulting average
power density, which can be expressed as

(29)

This overestimation makes the use of (29) even more convenient
for exposure assessment because parameters such as the array
gain and dimension should be readily available to survey per-
sonnel.

The proposed prediction formulas remain valid even when the
illumination of the array is tapered in order to reduce the side-
lobe levels. In fact, in this case the gain is reduced as well due to
the shorter “effective length” of the array, and the beamwidth is
increased, meaning that the propagating field assumes the spher-
ical character earlier than in the case of uniform illumination.
Moreover, the oscillatory behavior experienced in the transition
region where the character of the field goes from prevalently
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Fig. 5. Normalized power intercepted by the lateral cylindrical surface versus distance for a uniformly fed nine-element collinear array operatingat 900 MHz
(p = �): comparison between the computed behavior and the prediction formula (28).

Fig. 6. Normalized power intercepted by the lateral cylindrical surface versus distance for anonuniformly fed nine-element collinear array operating at 900 MHz
(p = �): comparison between the computed behavior and the prediction formula (28). The feed-point currents follow a cosine square profile; their amplitudes are
given in Table I.

cylindrical to spherical is smoothed, given the reduced amount
of energy escaping through the sidelobes. Both these features
are shown in Fig. 6, where the same nine-element collinear array
previously considered is fed now using a cosine square taper
for the feed-point current amplitudes. We clearly see how the
smoother power decay results in a closer agreement with the pre-
diction formula (28). This result justifies neglecting the mutual

coupling between array elements. As discussed in Section II, the
main effect of mutual coupling is to increase the feed-point cur-
rents. This effect is less pronounced on the outermost elements,
since they adjoin with only one other element. Indeed, the end
result is that the symmetry of the illumination is preserved, as
long as the feeding network operates properly, and the above
considerations on the character of the field hold.
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TABLE I
PROFILE OF THE FEEDING CURRENTS OF A

NINE-ELEMENT COLLINEAR ARRAY

Measurements have been performed to verify the behavior
of the average power density in the vicinity of some practical
arrays. ACelwave PD1610two-element collinear dipole array
operating at 870 MHz was measured using aNarda 8621D
isotropic E-field probe, with readings in V/m. The conversion
to mW/cm is meaningful provided that the reactive E-field
is negligible. The results plotted in Fig. 7 exhibit a good
agreement with the prediction formula, as they show the initial
cylindrical character of the propagating field.

B. Other Directive Antennas

We take into account the situation where the radiators of
the basestation antenna are backed by reflectors in order to
direct RF energy in a specific sector. We considered a right
corner reflector antenna (the radiator being a half-wave dipole),
model DB495-C by DECIBEL PRODUCTS, operating at
940 MHz, and estimated the average (over the height of the
reflector) power density as the distance from the antenna was
increased. Its behavior, shown in Fig. 8, was then fitted using
a variation of formula (29), where the substantial confinement
of the electromagnetic radiation to the right angle sector was
accounted for by substituting the reflector’s angle () for the

factor originated from the cylindrical symmetry. In the case
of a reflector having a semiaperture angle , (29) can
be generalized as follows:

(30)

which maintains the simplicity of (29), but could result in an
underestimation in directions close to , an inconvenience
for survey purposes because the reflector narrows the beam in
both elevation and azimuth, thus increasing the antenna gain. In
fact, the far-field radiation pattern of the corner reflector antenna
has been measured in the Motorola’s anechoic facility in Fort
Lauderdale, FL; its resulting gain is about 10 dBi. Assuming a
Gaussian dependence for the power density, which also has
been verified from the radiation pattern, and neglecting edge

diffraction (the power density at being at least 10
dB below the peak), (30) can be refined as follows:

(31)

where the factor comes from enforcing that the
entire power radiated is confined to the sector . Ne-
glecting this constraint, this factor could be directly included in
the formula (30) to provide a slight overestimation in directions
away from . There is no real need to consider directions
belonging to the complementary sector where diffracted fields
propagate. Typically, only in directions around the
diffracted field contributions combine constructively to form the
backlobe of the antenna, having very little power associated with
it.

Finally, it is interesting to notice that substantially similar be-
havior can be expected from a Yagi–Uda array, such as the AEA
CUY4-10RT ten-element antenna operating at 865 MHz that
was measured. The relevant results are given in Fig. 9. In this
case, it was found that close to the antenna the average power
density decay in the end-fire direction can be predicted readily
as

(32)

where the confinement of the radiation beam and the consequent
high gain result from the use of the director elements length

instead of the (larger) effective length of the antenna, rather
than a reduction of the aperture angle, which remainsin this
formula.

C. Partial Exposure

A straightforward application of the prediction formulas may
overestimate the actual exposure since the person may not be en-
tirely contained in the intercepting cylinder [as defined in Sec-
tion II-B (see Fig. 1)], especially in close proximity of large ar-
rays. The value predicted by the formulas can be adjusted to
reflect the actual exposure by means of a scaling factor that ac-
counts for the partial penetration of the exposed human body in
the cylinder

(33)

where is the height of the person standing parallel in front of
the antenna and the intercepted portion. Should the array be
slightly tilted, as happens on rooftop installation in high build-
ings, the closest distance may be used in the formulas. Equation
(33) may only be applied if the person stands at a distance from
the array where the propagation is still substantially cylindrical
in character and there is a sharp discontinuity between the illu-
minated and the shaded regions of the exposed body, hence, the
limitation established in (33).
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Fig. 7. Average power density in the vicinity of theCelwave PD1610two-element array operating at 870 MHz, measured using theNarda8621D probe. A good
agreement with the prediction formula (29) is observed.

Fig. 8. Average power density in the vicinity of the DECIBEL DB495-C right corner reflector antenna operating at 940 MHz, measured using the DASY2 robotic
system. The distance from the antenna is measured from the reflector’s corner. The average power density falloff is well approximated by (30).

V. FINAL REMARKS

The human exposure to electromagnetic radiation emanating
from cellular base stations has raised concern, involving both
the general population and personnel engaged in routine mainte-
nance work. Whereas the exposure to reactive fields in the close

proximity of radiating sources ( ), where the tight cou-
pling with the human body likely affects antenna performance,
can be only estimated with SAR measurements (as in the case
of cellular telephones [2], [3]), the exposure to this kind of radi-
ators takes place almost exclusively in nonreactive field, and the
relevant exposure limits are defined with respect of the incident
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Fig. 9. Average power density in the vicinity of the AEA CUY4-10RT ten-element Yagi-Uda antenna operating at 865 MHz, measured using aNarda8621D
probe. In this case, the distance from the array is taken from the last director. The average power density decay has a definite cylindrical character,which is
approximated by (32).

power density averaged over the whole human body, which is
usually measured along lines parallel to the array axis. In this
paper, we show that this quantity has a predictable behavior,
which can be estimated by means of simple and accurate for-
mulas whose parameters are readily available. In fact, in the case
of a collinear array, which is representative of most base-station
antennas, even if reflectors or other type of elemental radiators
are employed, the average power density decay in the vicinity of
the antenna has a definite cylindrical character, which gradually
converts to the eventual spherical far-field behavior.

The result is remarkably simple and can be used to check
survey results, if the measurement samples are averaged over a
height equal at least to the half length of the array. The suggested
approach can be adopted by maintenance personnel to verify
the compliance to safety limits, even in conditions of very close
proximity to base-station antennas, where the highest exposure
levels can be expected in most cellular phone base installations.

APPENDIX A

Adopting the following Fourier transform definition:

(1A)

the FT of can be computed by evaluating the integral

(2A)

The integral of the right-hand side of (2A) is given by [13]

(3A)

where is a first-order modified Bessel function of the second
kind [13]. From (3A), the FT of is found to be

(4A)

The FT of the electric field components are found sub-
stituting (4A) in (6) and using the recurrence formula

[13], resulting in

(5A)

(6A)
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where is the characteristic impedance of the free
space. For we select the branch , giving

(7A)

(8A)

where and are second-kind Hankel functions of order
0 and 1, respectively. The near field components have now been
expressed in terms of cylindrical rather than spherical waves.
Equations (4A)–(6A) show that the waves with propa-
gate energy away from the source, while the waves with
give rise to evanescent waves that decay exponentially away
from the axis of the array and contribute little amplitude to the
field even for relatively small values of.

APPENDIX B

For , the integration limits in (15) are always confined
in . They can be rewritten

(1B)

so that the hyperbolic functions can be approximated as
, , with (15) becoming

(2B)

Let us substitute , thus ob-
taining

(3B)

where

(4B)

are the Fresnel integrals. We can derive a similar expression for
the other integral upon changing

(5B)
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